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a b s t r a c t

Gaseliquid two-phase flow in microchannels with hydraulic diameters of 100e500 mm exhibits drasti-
cally different flow behaviors from its counterpart in conventional macroscopic channels. Of particular
interests are the two-phase flow patterns and the two-phase frictional pressure drop for given flow
conditions in these microchannels. This paper presents an experimental study of the effects of channel
size and superficial phasic velocity on the two-phase flow pattern and pressure drop of airewater
mixture in circular microchannels with inner diameters of 100, 180 and 324 mm. Two-phase flow
patterns were visualized using high-speed photographic technique. Four basic flow patterns, namely,
bubbly flow, slug flow, ring flow and annular flow, were observed. The two-phase flow regime maps were
constructed and the transition boundaries between different flow regimes identified. In an effort to unify
the flow transition boundary in microchannels of different sizes, a new flow map was developed using
the modified Weber numbers as the coordinates. The two-phase frictional pressure gradient in the
microchannels was measured and the data were compared with predictions from the separated flow
model, the homogeneous flow model and the flow pattern-based phenomenological models. Results
show that the flow pattern-based models provide the best prediction of the two-phase pressure drop in
the microchannels.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Two-phase microfluidic devices have been widely employed in
a variety of engineering applications, such as thermal management,
energy conversion and chemical synthesis [1,2]. As the basic
transport process, gaseliquid two-phase flow through micro-
channels of 100e500 mm hydraulic diameter largely determines
the functionality and efficiency of performance of these devices.
Since the channel size is smaller than the Laplace length scale, lL,
(hs=½gðrL � rGÞ�, e.g., lLz 3�10�3 m for airewater flow under
standard condition), which represents the bubble size and the
characteristic wavelength of Taylor instability [3,4], two-phase flow
in the microchannels will be confined inevitably by the channel
cross section. Moreover, the gravitational and viscous forces
become less dominant in the microchannels as compared to the
inertial and surface tension forces [5]. As a consequence, two-phase
flow inmicrochannels behaves differently from that inmacroscopic
channels, and the existing knowledge of two-phase flow may not
be directly applicable to the analysis and design of two-phase
microfluidic devices. Among various issues calling for clarification
son SAS. All rights reserved.
between the macro- and microchannels, the characterization of
two-phase flow patterns and prediction of two-phase pressure
drop have attracted extensive interests because they represent the
first challenge toward a fundamental understanding of two-phase
transport phenomena at the microscale.

Over the past two decades, a myriad of experimental and
theoretical studies have been performed to explore adiabatic
gaseliquid two-phase flow in millimeter-sized channels (mini-
channels). Two-phase flow patterns, pressure drop and void frac-
tion were investigated for various combinations of channel
dimension, working fluids and flow conditions. Some representa-
tive works are enumerated in Table 1 [4,6e19]. It can be found that
as the channel dimension decreases, the stratified flow disappears
and some two-phase flow patterns not characteristic in conven-
tional large channels, prevail. The classical flow regime transition
models, e.g., the Taitel-Dukler model and the Mandhane model
[20,21], fail to predict the transition boundary lines of two-phase
flow in the minichannels. Additionally, the homogeneous and
separated flow models were found inadequate in predicting two-
phase frictional pressure drop in minichannels.

The studies of two-phase flow in microchannels with diameters
smaller than 500 mm have been relatively scant. Table 2 summa-
rizes the available experimental studies on two-phase flow pattern,
flow regime transition and frictional pressure drop in
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Nomenclature

A area, m2

Bo Bond number
Ca capillary number
D diameter, mm
f fanning friction factor
G mass flux, kg/m2s
j superficial velocity, m/s
L length of microchannel, m
Q flow rate, ml/min
r bubble radius, m
Re Reynolds number
We Weber number
X Martinelli parameter
x mass quality
DP pressure drop, Pa

Greek symbols
a Armand void fraction
b homogenous void fraction
d correction term of liquid slug length in slug flow, m
lL Laplace length scale, m
m dynamic viscosity, N s/m2

r density, kg/m3

s surface tension, N/m
D film thickness, m

Subscripts
L liquid phase
G gas phase
c channel
f friction
h hydraulic
i liquidegas interface
TP two-phase
LO liquid only
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microchannels with diameters in the 20e600 mm range [22e31].
Serizawa et al. [22] visualized airewater two-phase flow in 20, 25
and 100 mm microchannels and steam-water flow in a 50 mm
microchannel. They observed the absence of stratified and wavy
flows, and identified several new flow patterns that were not
typical in large channels. The discoveries were attributed to the
diminishing role of gravitational force with respect to that of
surface tension forces. In a series of experiments by Kawaji and his
co-workers [23e25], the effects of channel size and geometry on
two-phase flow patterns were studied in 50, 100, 250 and 530 mm
microchannels. The flow patterns in the 250 mm and 530 mm
microchannels were found to be similar to those in large channels;
however, when the channel diameter reduces to 50 mm and
100 mm, the bubbly, churn, slug-annular and annular flow patterns
cannot be distinguished and only some variations of slug flowwere
observed. In circular and square microchannels of the same size of
100 mm, identical flow patterns were observed, but the flow regime
transition boundaries were shifted due to the difference in the
channel cross sections. The authors also found the two-phase
pressure drop can be satisfactorily predicted by the separated
flow model. Cubaud and Ho [26] researched on airewater two-
phase flow in square microchannels with hydraulic diameters of
200 mm and 525 mm. They found the two-phase flow regime maps
were independent of the channel size and the flow regime transi-
tion boundaries can be simply determined as a function of the
liquid and gas flow rates. When the two-phase pressure drop data
were scaled with that of single-phase liquid flow, two distinct
regimes were identified on the pressure drop vs. homogeneous
liquid fraction plot. Waelchli and von Rohr [27] investigated the
influence of channel diameter and liquid properties on the two-
phase flow regime transition in microchannels. With increased
channel diameter and decreased liquid surface tension, the bubbly-
to-slug flow transition line shifted to higher superficial gas velocity
and lower superficial liquid velocity, whereas the slug-to-annular
boundary moved to lower superficial gas velocity. By introducing
new non-dimensional coordinates which account for the channel
diameter, surface roughness, fluid velocity and properties, the
authors developed a universal flow regime map that can reasonably
correlate the transition boundaries from several previous studies.
Xiong and Chung [28] studied the two-phase flow patterns for
nitrogenewater flow in 209, 412 and 622 mm rectangular micro-
channels. The transition boundaries were found to generally shift to
higher superficial gas velocity as the channel size decreases. The
authors deduced that the bubbly flow is governed by the surface
tension force, the annular flow controlled by the inertia force, and
other intermediate flow patterns affected by the contributions from
both forces. For the two-phase frictional pressure drop, several
studies [22e25,29,30] suggested the separated flow model with
modified two-phase frictional multiplier can satisfactorily predict
the measurement data in microchannels.

From the literature survey, it is generally agreed that the channel
size has an important impact on the two-phase flow patterns in
microchannels. However, no consensus has been reached on the
flow regime transition conditions. The exact locations of the tran-
sition boundaries on flow maps vary drastically in the published
results even for microchannels of similar dimensions under the
same flow conditions. So far, no general two-phase flowmap exists
fromwhich the flow transition can be determined conveniently for
different channel dimensions and flow conditions. Furthermore,
the applicability of well-established conventional two-phase
pressure drop models has not been fully examined in micro-
channels. In this work, an experimental study was conducted to
investigate the two-phase flow pattern, flow regime transition and
frictional pressure drop of airewater mixture in circular micro-
channels of 100, 180 and 324 mm diameters. Two-phase flow
regime maps were constructed over a wide range of superficial gas
and liquid velocities. The effect of microchannel diameter on the
flow regime transition was examined. A new flow map using the
modified Weber numbers as the coordinates was developed as an
effort to unify the transition boundary betweenmajor flow regimes
for all three microchannels tested. The two-phase frictional pres-
sure gradient was also measured and the data were compared with
predictions from the separated flowmodel, the homogeneous flow
model and the flow pattern-based phenomenological models to
critically assess their applicability in microchannel flows.

2. Experiments

2.1. Experimental apparatus and procedure

The experimental apparatus is shown schematically in Fig. 1. It
consists of a syringe pump, a 5-mm microfilter, a compressed gas
cylinder, two flow meters, a two-phase mixer, a pressure trans-
ducer, a microchannel test section, a high-speed photographic
system and a data acquisition system. The microchannel test
section was 11 cm long, comprising of a fused silica micro-capillary



Table 1
Studies of two-phase flow in minichannels in the literature.

Reference Channel
configurations

Fluids Flow patterns observed Major findings

Suo and Griffith [6] Circular
Dc¼ 1 and 1.4 mm

Airewater
N2ewater
Heeheptane
N2eheptane

Capillary slug, annular � Taylor flow was observed.
� Transition criterion was proposed for flow transition from
slug to bubbly slug flow.

� Surface tension force dominates over gravitational force.

Damianides and
Westwater [7]

Rectangular
Dh¼ 1.74 mm
Circular
Dc¼ 1, 2, 3, 4 and 5 mm

Airewater Stratified, wavy, plug, slug,
pseudo-slug, bubbly, annular
and dispersed

� Smooth stratified flow was absent.
� Liquid velocity has a stronger influence on the flow patterns
than gas velocity

� Transition models developed for large channels cannot
predict transition boundaries in the minichannels.

Fukano et al. [8] Circular
Dc¼ 1e4.9 mm

Airewater Bubbly, plug, slug and annular � Stratified flow regime was absent.
� For 1 mm channels, bubbly flow was absent.

Mishima et al. [9] Rectangular duct
with large aspect
ratios and small gap

Airewater Bubbly, slug, churn, annular
and dispersed

� Two-phase frictional pressure drop can be predicted by
separated flow model.

Fukano and
Kariyasaki [10]

Circular
Dc¼ 1, 2.4, 4.9, 9
and 26 mm

Airewater Bubbly, intermittent and
annular

� Channel orientation does not affect flow patterns and
transitions for Dc< 4.9 mm.

� Flow pattern predictions for large diameter channels
cannot be applied to minichannels.

Barajas and
Panton [11]

Circular
Dc¼ 1.6 mm

Airewater Wavy, Taylor, Taylor-annular,
annular, dispersed bubbly
and rivulet

� Contact angle has little effect on transition boundaries for
partial-wetting surfaces (q< 90�). The transition
boundaries changed substantially for the non-wetting
surfaces (q> 90�).

Mishima and
Hibiki [12]

Circular
Dc¼ 1e4 mm

Airewater Bubbly, slug, churn, annular
and dispersed

� Transition lines were in good agreement with predictions
made by Mishima and Ishii [59] and also with data
reported by Barajas and Panton [11].

� Separated flow model was used to predicted frictional
pressure drop with a modified C parameter.

Triplett et al. [4,13] Circular
Dc¼ 1.1 and 1.45 mm
Semi-Triangular
Dh¼ 1.09 and 1.49 mm

Airewater Bubbly, slug, churn,
slug-annular, annular

� Stratified flow was not observed.
� Channel geometry has little effect on flow patterns in
circular and triangular channels.

� Flow regime map agrees poorly with the Mandhane
et al. [21] flow map. Bubbly-slug transition boundary
can be predicted by the Taitel et al. [20] model.

� Homogeneous flow model predicts well the pressure
drop data except for annular flow.

Xu [14] Rectangular with
narrow gaps
w¼ 12 mm
l¼ 260 mm
h¼ 1.0, 0.6 and 0.3 mm

Airewater Bubbly, slug, churn and annular. � With decreased channel gap, the transition lines
shifted to the left on the flow maps.

� Bubbly flow was not observed for 0.3 mm channel gap.

Coleman and
Garimella [15]

Circular and Rectangular
Dh¼ 1.3, 1.75, 2.6
and 5.5 mm

Airewater Bubbly, dispersed, plug, slug,
wavy-annular

� Stratified flow regime was suppressed in smaller
channels.

� Taylor flow regime extended to higher gas and liquid
superficial velocities.

� Decreasing channel diameter has bit impact on the flow
regime transition lines.

Zhao and Bi [16] Equilateral Triangular
Dh¼ 2.886, 1.443
and 0.866 mm

Airewater Bubbly, Taylor, churn and
annular

� Flow map results deviated from the Taitel et al. [20]
model and Mishima and Ishii [59] model.

� Channel size affects the transition boundaries.
� Sharp corners of non-circular channels have a significant
impact on the flow patterns.

Chen et al. [17] Circular.
d¼ 1 and 1.5 mm

N2ewater Bubbly, slug, bubble-train slug,
churn, annular

� Correlation was proposed for the bubble velocity.
� Modified drift flux model was proposed to calculate the

void fraction.

Hassan et al. [18] Circular
Dc¼ 800 mm, 1 and 3 mm

Airewater Surface tension dominated:
bubbly, intermittent; Inertia
dominated: churn and annular

� Bubbly, plug, slug, churn and annular flow regimes
were observed.

� The flow regime transitions were affected by channel
orientation.

� Universal flow maps were constructed.

Lee and Lee [19] Circular
Dc¼ 1.46, 1.8 and 2 mm

Airewater,
Airemethanol

Plug, slug, annular, rivulet
and stratified

� Wet and dry flow patterns were identified for two-phase
flow in tubes with different surface wettability.

� Flow regime transition criteria were proposed for wet
and dry flow conditions.
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Table 2
Studies of two-phase flow in microchannels in the literature.

Reference Channel
configurations

Fluids Flow patterns observed Major findings

Serizawa et al. [22] Circular
Dc¼ 20, 25,
50 and 100 mm

Airewater
Steamewater

Bubbly, slug, liquid-ring,
liquid-lump, and annular

� Stratified and wavy flows were absent.
� Two-phase flow patterns observed in 25 and 100 mm
channels were similar except for the fine details in slug
and liquid-ring/lump flows.

� Two-phase flow patterns were sensitive to microchannel
surface wettability and contamination.

� Two-phase flow regime map follows Mandhane’s
prediction.

Kawahara et al. [23] Circular
Dc¼ 100 mm

Nitrogenewater Slug-ring, ring-slug,
semi-annular and multiple
flow

� Bubbly and churn flows were not observed.
� Dominant flow pattern shifts with increasing liquid and
gas flow rates. The liquid film surrounding gas core
becomes thicker as liquid flow rate increases, and
gradually deforms as gas flow rate increases.

� Measured two-phase pressure drop data can be
correlated well with LockharteMartinelli’s separated
flow model.

Chung and Kawaji [24] Circular
Dc¼ 50, 100, 250,
and 530 mm

Nitrogenewater Bubbly, slug, churn,
slug-annular, annular

� Flow patterns and transition lines were affected by
channel diameter.

� In 250 and 530 mm channels, both two-phase flow
patterns and flow regime maps were similar to those
in 1 mm channels.

� In 50 and 100 mm channels, bubbly, churn, slug-annular
and annular flows cannot be identified and only variations
of slug flow were observed.

� Two-phase pressure drop in 50 and 100 mm channels can
be predicted using both Dukler’s homogeneous flow
model and separated flow model with LeeeLee’s C-value
correlation. A slug flow model was proposed to predict
pressure drop in 50 and 100 mm channels.

Chung et al. [25] Circular
Dc¼ 100 mm
Square
Dh¼ 96 mm

Nitrogenewater Slug-ring, ring-slug,
semi-annular, and
multiple flow

� Bubbly, churn and annular flow patterns were not
observed.

� Flow maps for both channels reveal a difference in the
location of the ring-slug flow pattern transition, due to
the liquid flow in the corners of the square microchannel.

� The two-phase pressure drop can be predicted by a
correlation based on the LockharteMartinelli separated
flow model.

Cubaud and Ho [26] Square
Dh¼ 200 and
525 mm

Airewater Bubbly, wedging, slug,
annular and dry

� Flow regime transition boundaries were independent of
channel size and can be determined as a function of
liquid and gas flow rates.

� Two-phase pressure drop can be correlated to individual
flow regimes and their transition by plotting pressure
drop vs. capillary number.

� Two distinct regimes can be identified when two-pressure
drop data are scaled with single liquid flow pressure
drop and are plotted as a function of homogeneous
liquid fraction.

Waelchli and
von Rohr [27]

Rectangular
Dh¼ 187.5e218 mm

Nitrogenewater,
nitrogeneethanol,
nitrogeneglycerol
solutions

Bubbly, intermittent
(slug and plug) and annular

� The existing flow regime maps cannot predict the flow
patterns observed in this work.

� A universal flow regime map was developed by using
new non-dimensional coordinates that account for the
fluid viscosity, surface tension, density, superficial
velocity, channel diameter and roughness.

Xiong and Chung [28] Rectangular
Dh¼ 209, 412,
and 622 mm

Nitrogenewater Bubbly-slug, slug-ring,
dispersed-churn and annular

� Flow regime maps are similar for larger channels
(412 and 622 mm); bubbly flow is absent in the smallest
channel (209 mm).

� Bubbly flow is governed by surface tension; annular
flow is controlled by inertia; other flow patterns are
affected by both forces.

� Flow regime boundary lines shift to higher gas
superficial velocity.

� Flow regime maps constructed with gas and liquid
Webber numbers do not agree with the Akbar flow map.

(continued on next page)
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Table 2 (continued )

Reference Channel
configurations

Fluids Flow patterns observed Major findings

Yue et al. [29] Rectangular
Dh¼ 200, 400
and 667 mm

CO2ewater Bubbly, slug, unsteady slug,
bubble-train slug,
slug-Annular, churn,
and annular

� Flow regime maps should be constructed using Weber
numbers as coordinates rather than superficial gas and
liquid velocities.

� Akbar model is able to predict the pattern transition
boundaries for 667 mm microchannel; however, its
applicability deteriorates as the channel diameter decreases.

� The separated flow model was applied to estimate
pressure drop for churn, slug-annular and annular flows
using a modified two-phase frictional multiplier.

Saisorn and
Wongwises [30]

Circular
Dc¼ 150 mm

Airewater Liquid-alone, throat-annular,
serpentine-like gas core
and annular

� Due to differences in the definition of flow patterns, all
two-phase flow patterns observed in this work mostly
fall into the annular flow regime on flow maps developed
by other researchers.

� The separated flow model was used to calculate the
two-phase friction pressure drop with a modified
two-phase multiplier.

Xu et al. [31] Rectangular
Dh¼ 585 mm
(micro-gap channel),
1.14 and 1.85 mm
(mini-gap channel)

Airewater Bubbly, slug, churn annular for
mini-gap channels; Cap-bubbly,
slug-droplet, churn and
annular-droplet for micro
gap channel

� Flow patterns for mini-gap channels were similar to
large channels.

� Flow patterns for micro-gap channel appeared to be
two-dimensional. Bubbly flow was absent. Two new
flow patterns were observed: Slug droplet flow and
annular-droplet flow.

� Flow regime transition models developed were in
agreement with experimental data in the literature, but
cannot predict the flow pattern transitions for the
mini-gap channel with Dc¼ 1.14 mm. A new theory
must be developed to predict the slug droplet flow and
annular-droplet flow in the micro-gap channel.
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tube (Polymicro Inc.) with circular cross section. The inner diame-
ters of the microchannels tested were 100, 180 and 324 mm,
respectively.

Air was used as the gas phase and pure de-ionized (DI) water as
the liquid phase. The air flow was supplied from a compressed gas
cylinder. The flow rate was adjusted with a two-stage regulator and
a series of control valves. Two flowmeters were arranged in parallel
to measure the gas flow rates in different ranges, i.e., an Omega
FMA1615Awas used for measuring low flow rates and an McMillan
50S-4 for high flow rates. DI water was delivered using a syringe
pump (Harvard Apparatus 2000) which also accurately sets the
liquid flow rate. As shown in Fig. 2, the air and water streams meet
Fig. 1. Experimental apparatus for tw
in the junction of a micro-cross mixer (Upchurch P-887) where the
two-phase flow mixture is formed. A pressure transducer (Omega
PX-309) was installed using a micro-tee connector (Upchurch P-
889) for the two-phase pressure drop measurements. The down-
stream end of the micro-tee was connected to the microchannel
test section. Once exiting the microchannel, the two-phase mixture
was discharged into a collector at atmospheric pressure. In all
experiments, the test section was held on a horizontal plane.

An ultra-high-speed camera (Photron APX) was used to visu-
alize the two-phase flow patterns in the microchannel. The frame
rate was varied from 800 frames per second (fps) to 24,000 fps, and
the shutter speed was set to be 1/20,000 s. A microscope (Olympus
o-phase flow in microchannels.



Fig. 2. Schematic of the micro-cross two-phase mixer and the micro-tee connector.
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BXFM) with a number of objective lenses (10�, 20� and 50�) was
employed to achieve high magnification and a dynamic range of
working distance. A high-power illumination source (Wite Lite)
was used to compensate for the short exposure time necessitated
by the high shutter speed. During the experiments, the micro-
channel test section was immersed in a thin layer of water to
diminish image distortion due to the curved channel wall and to
reduce the effect of refractive index difference between the fluids
and fused silica.

All the experiments were performed at room temperature. The
liquid stored in a 10 ml airtight syringe (Hamilton) was dispensed
at a constant flow rate QL using the syringe pump. The gas flow rate
QG was adjusted carefully with the control valves. The two-phase
flow patterns were monitored in real time at the middle of the
microchannel test section using the high-speed camera. Steady
statewas reachedwhen nomore changes in the flow pattern can be
visually observed. When multiple transient flow patterns occur for
a single flow condition, such as what happens near the flow regime
transition boundaries, the most probable flow pattern was taken as
the representative one, designating the establishment of the
pseudo-steady state. Each gas flow rate measurement was calcu-
lated as an average of 200 readings under the steady or pseudo-
steady state. The two-phase flow patterns were then recorded.
Subsequently, the gas flow ratewas increased with small increment
for the next test, and the procedure repeated for the following tests.
The experimental data were read into a data acquisition system
(Agilent 34970A) for processing.
2.2. Data reduction

The superficial velocities of the liquid and gas phases are defined
as jL ¼ QL=Ac and jG ¼ QG=Ac, where Ac is the cross sectional area
of the microchannel. The ranges of QL, QG, JL and JG are summarized
in Table 3.

The measured overall pressure drop consists of three
components
Table 3
Range of flow conditions for two-phase flow in microchannels.

Channel
diameter (mm)

QL (mLPM) JL (m/s) QG (mLPM) JG (m/s)

100 Min 0.0049 0.0105 0.0333 0.0707
Max 1.0412 2.209 90.587 192.232

180 Min 0.0030 0.0020 0.0031 0.0021
Max 5.340 3.498 111.2415 72.859

324 Min 0.010 0.0020 0.400 0.081
Max 12.490 2.527 119.785 24.214
DPoverall ¼ DPf þ DPa þ DPc=e (1)

where DPf is the two-phase frictional pressure drop, DPa is the
acceleration pressure drop due to the density change of the
gaseous phase, and DPc/e is the local pressure loss due to varia-
tions in the flow area. The acceleration pressure drop can be
calculated as

DPa ¼
"
G2x2

rGa
þG2ð1�xÞ2

rGð1�aÞ

#
outlet

�
"
G2x2

rGa
þG2ð1�xÞ2

rGð1�aÞ

#
inlet

(2)

where the void fraction a is estimated from the Armand corre-
lation [32], a¼ 0:833jG=ðjLþ jGÞ. Over the range of experimental
conditions in this work, DPa only accounts for a negligible
portion of the overall pressure drop. In view of the way the
pressure transducer was installed (shown Fig. 2), DPc/e is due to
sudden flow area contraction for 100 mm microchannel and due
to sudden flow area expansion for 180 mm and 360 mm micro-
channels. The two-phase contraction pressure loss is given by
[23,33]

DPc ¼ G2

2rL

��
1
Cc

� 1
�2

þ
�
1�

�
A1

Ac

�2���
1þ x

ðrL � rGÞ
rL

�
(3)

where G is the total mass flux (¼GLþGG) through the micro-tee
connector, and Cc is the contraction coefficient [34]

Cc ¼ 1

0:639
�
1� A1

Ac

�0:5
þ1

(4)

and A1 is the cross sectional area of the flow passage in the
micro-tee connector. The expansion pressure loss can be calcu-
lated by [34]

DPe ¼ G2
�
A1

Ac

��
A1

Ac
� 1

��
1� x2

rLð1� aÞ þ
x2

arG

�
(5)

In the pressure drop calculations, a constant liquid density at room
temperature and under atmospheric pressure is used, and the gas
density is evaluated at the average pressure between the inlet and
outlet of the microchannel for each measurement.

2.3. Measurement uncertainties

The measurement uncertainties were �1% for the liquid flow
rate, �1.5% for the gas flow rate and �0.25% of full scale for the
pressure drop, respectively.



Table 4
Dimensionless parameters for two-phase flow in microchannels.

Channel diameter (mm) Bo Re Ca We

ReG ReL WeG WeL

100 Min 0.0014 0.468 1.071 1.424� 10�4 8.368� 10�06 1.525� 10�4

Max 1272.40 225.61 0.0299 61.845 6.746

180 Min 0.0044 0.0245 0.360 2.660� 10�05 1.278� 10�08 9.583� 10�06

Max 868.06 642.81 0.0475 15.992 30.533

324 Min 0.0143 1.734 0.668 2.742� 10�05 3.545� 10�05 1.832� 10�05

Max 519.29 835.94 0.0343 3.179 28.673
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3. Results and discussion

Two-phase flow pattern represents the morphological distri-
bution of the liquid and gas phases, which depends on various flow
parameters, such as the superficial phasic velocities, the density
and viscosity of the fluids as well as the geometry and dimension of
the flow channel. Mechanistically, a specific flow pattern forms as
the result of competition of the inertia, viscous shear, gravitational
and surface tension forces. To evaluate the relative importance of
these forces, the following dimensionless parameters can be
defined.

The Reynolds number is the ratio of inertia force to viscous force

ReL ¼ rLjLDc

mL
(6)

ReG ¼ rGjGDc

mG
(7)

The Bond number is the ratio of buoyancy force to surface
tension force

Bo ¼ gðrL � rGÞD2
c

s
(8)

The Capillary number is the ratio of viscous force to surface
tension force

Ca ¼ mLjL
s

(9)

The Weber number is the ratio of the inertia force to surface
tension force
Fig. 3. Two-phase flow patterns
WeL ¼ rLj
2
LDc

s
(10)

WeG ¼ rGj2GDc

s
(11)

Table 4 shows the range of dimensionless parameters in corre-
spondence to the experimental conditions. The fluid properties
used in the calculations are: rL¼ 998.2 kg/m3, mL¼ 9.54�10�4 N s/
m2, rG¼ 1.205 kg/m3, mG¼ 1.94�10�5 N s/m2 and s¼ 0.072 N/m. It
can be found that, as compared to the inertia force and surface
tension force, the buoyancy force and viscous force are of secondary
importance in two-phase flow in microchannels (Bo<< 1 and
Ca<< 1). Thus, the two-phase pattern formation in microchannels
is primarily governed by the interplay of the inertia force and the
surface tension force.
3.1. Two-phase flow patterns

Four distinct two-phase flow patterns were identified, namely,
the bubbly, slug, liquid-ring and annular flow, as shown in Fig. 3. It
is stressed again that when multiple transient flow patterns occur
at different time instants for a single flow condition, the most
probable flow pattern was taken as the representative one.

The main features of the four flow patterns are summarized as
follows.

(1) Bubbly flow: This flow pattern can be categorized by the
occurrence of mono-dispersed bubbles with diameters smaller
than the channel size. Fig. 3(a) and (b) shows the bubbly flow in
the 180 mm and 324 mm microchannels. The near-spherical
in different microchannels.
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shape of the bubbles suggests the dominance of the surface
tension force, which always tends to minimize the surface free
energy by reducing the surface area. As the channel diameter
decreases to 100 mm, the bubbly flow was not observed.

(2) Slug flow: This flow pattern is characterized by trains of elon-
gated Taylor bubbles, which are separated by a liquid lump, as
shown in Fig. 3(c) to (e). The gas bubble occupies almost the
entire channel cross section, separated from the wall only by
a thin liquid film. The length of liquid slugs can vary, but remain
more or less constant in all bubble-slug pairs.

(3) Ring flow: As shown in Fig. 3(f)e(h), the gas stream flows
continuously through the center of the microchannel, forming
a gas core surrounded by a liquid film with ring-like necks
around the periphery. The liquid necks are due to the interfacial
instability waves arising from the viscous shear stress. They are
mostly symmetric, but can become distorted and even irregular
at certain flow conditions.

(4) Annular flow: The annular flow occurs at very high gas flow
rates where the inertia force completely dominates. As shown
in Fig. 3(i)e(k), annular flow differs from ring flow in that the
liquid film surrounding the gas core is thinner and much
smoother, indicating that the interfacial instabilities are effec-
tively suppressed. The thickness of the liquid film generally
decreases for smaller channel diameters.
Fig. 4. Flow maps for (a) 100 mm, (b) 180 mm and (c) 324 mm microchannels.
3.2. Flow regime maps

Based on the flow pattern distinctions, two-phase flow regime
maps were constructed in Fig. 4(a) to (c) for airewater flow in the
three microchannels tested, respectively, using superficial gas and
liquid velocities as the ordinate and abscissa. Each flow map
consists of more than 200 data points. For all three microchannels,
the slug flow dominates the low-to-moderate jG region, while the
ring flow and annular flow take place at moderate to high jG. The
bubbly flow occurs in the upper left portion of the flow map, i.e., at
very low jG and very high jL, only in the 180 mm and 324 mm
microchannels. Fig. 4 also shows the boundary lines which
demarcate the different two-phase flow regimes. On the loga-
rithmic plot, straight lines seem to represent the transition
boundaries reasonably well. Since the flow regime transition
actually occurs over a zonewhere no unique single flow pattern can
be identified, the flow regimes shown on either side of the
boundary line should be interpreted as the most possible ones
during the flow regime transition.

The absence of bubbly flow in the 100 mm microchannel was
also reported in the literature [22,23], however, the physical cause
was not discussed. Rather than being unique to microchannel
flows, it is in fact an entrance phenomenon due to the conditions
under which the two constituent single-phase fluids are mixed
prior to entering the microchannel. In the present study, the two-
phase flow patterns originate in the micro-cross mixer (as shown
in Fig. 2), where the gas stream meets the two liquid streams
entering from two side channels. The bubbly flow usually forms
when the tip of the gas stream extruding into the liquid flow is
pinched off by the viscous shear at the liquidegas interface, which
then collapses itself into a spherical shape due to the surface
tension [35,36]. The radius of the bubble formed, r, is related to the
pressure difference across the liquidegas interface by the Younge
Laplace equation

PG � PL ¼ 2s=r (11a)

which implies a higher pressure difference is needed to generate
bubbles in smaller microchannels since the bubbly flow requires
r < Dc. In the meanwhile, the liquid pressure, PL, at the micro-
channel entrance increases drastically (w1=D4

c ) as the channel size
decreases. Thus an excessively high gas pressure, PG, must be
provided, while running with a extremely low gas flow rate, in
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order to produce bubbly flow in the 100 mm microchannel. Exper-
imentally, such flow conditions are very difficult to maintain stably.
In fact, it was found that liquid-only flowwill prevail if the gas flow
rate is below certain threshold values [23].

To examine the effect of microchannel size on the two-phase
flow regime transition, the transition boundaries are shown in
Fig. 5 for all three microchannels. The boundary lines for the same
channel are identified by color, and the boundary lines for the same
flow regime transition can be distinguished by line style. When the
channel diameter decreases from 324 mm to 180 mm, the bubbly-
slug transition boundary shifts toward lower jG and higher jL, and
the slug-ring transition line shifts to higher jG and lower jL. As
a consequence, the slug flow regime expands monotonically along
both coordinates, thereby diminishing the bubbly and ring flow
regimes. Similar displacement in the slug-ring transition boundary
toward higher jG can be observed for the 100 mmmicrochannel. The
enlargement of the slug flow regime may be understood as follows.
In smaller microchannels, gas bubbles can congest the channel
cross section more easily to form elongated gas slugs, shifting the
slug flow boundary to the upper-left of the flow map; on the other
hand, the dominance of surface tension forces increases, which
requires higher gas inertia (i.e., higher jG) to bridge through the
liquid lump between adjacent gas slugs before ring or annular flow
can be established, shifting the upper boundary of slug flow regime
toward higher jG. Fig. 5 also shows that the boundary of the annular
flow regime moves to higher jG as the channel size reduces from
324 mm to 100 mm. This is because, as the liquid film gets thinner in
smaller microchannels, the increasing shear stress is likely to cause
more fluctuations in the gaseliquid interface.

In this work, the flow regime maps in Fig. 4 are cross-examined
with several existing flow maps developed for two-phase flow in
microchannels [22e24,26,27,29]. The criteria used to select the
existing flow maps are similar channel dimensions and similar
working fluids. In some of these early studies, the liquid-ring and
annular flows were categorized as the annular or semi-annular
flow without distinction, since both flow patterns are featured by
a continuous gas core passing through the center of the channel. As
such, the comparisons here are drawn primarily for the bubbly-slug
and slug-annular flow transitions. For clarity, only the transition
boundary lines are shown for the flow map results from the liter-
ature, and the individual flow regimes are marked in the textboxes
accordingly. Fig. 6 shows the flow map for the 100 mm
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Fig. 6. Comparison of two-phase flow maps for 100 mm microchannel.
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Fig. 7. Comparison of two-phase flow maps for 180 mm microchannel.
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microchannel in comparison with flow maps obtained in three
channels of almost identical size, among which one has a square
cross section [22e24]. In general, a reasonable agreement is found
for the slug-annular transition boundary, despite that the slug flow
was further divided into several transient flow patterns in the early
studies. Bubbly flow was observed in [22] partially due to the
specific mixer design adopted, where the gas stream was injected
coaxially using a fine needle of 40 mm inner diameter and the liquid
was introduced peripherally. Fig. 7 illustrates the comparison of the
flowmap for the 180 mmmicrochannel with the results obtained in
[26,27,29], which includes two rectangular microchannels with
hydraulic diameters of 187.5 mm and 200 mm. The slug-annular
transition boundary coincides roughly with the previous results,
particularly these in the 200-mm circular microchannel [29].
Noticeable deviations are observed for the bubbly-slug transition
boundary since it is more sensitive to the size and the cross
sectional geometry of the microchannels. The flow map for the
324 mm microchannel is compared in Fig. 8 with the results from
three microchannels of 400, 525 and 530 mm diameter or hydraulic
diameter [24,26,29], respectively. These larger channels were
chosen owing to the lack of information for circular microchannels
with closely matching sizes in the literature. It is seen that the
bubbly-slug transition occurs at lower jG and higher jL in larger
microchannels, and the boundary line shifts to the left of the flow
map. A similar trend can be found for the slug-annular transition
boundary, i.e., the annular flow starts at lower jG as compared to
that in the present study. The comparisons in Figs. 6e8 show clearly
that wide discrepancies exist in the flow maps developed for
microchannels of different dimensions. Among the factors that
contribute to the discrepancies, the use of superficial phasic
velocities (jL and jG) as the coordinates has been called particularly
into question. Several studies found the flow map constructed as
such was inadequate in representing the two-phase flow transition
in microchannels [27,28,37], and the dimensionless parameters
(such as theWeber number, the Capillary number and the Reynolds
number) should be used as the coordinates instead because they
provide a mechanistic measure of the force competition in two-
phase flows [38].

By usingWeG andWeL, Akbar et al. [39] developed aflowmap for
circular and near-circular channels with diameters around 1 mm.
Three regions were categorized: the surface tension dominated
region, the inertia dominated region and the transition region. Fig. 9
illustrates the comparison of the present flow regime transition
lines with the predictions by Akbar et al. [39]. It shows that for all
three microchannels, the entire ring flow regime, which is bounded
by the slug-ring flowboundary and the ring-annularflowboundary,
falls in the transition region where the surface tension and the
inertia are of comparable importance. Outside the transition region,
the bubblyflowand slug floware dominated by surface tension, and
the annular flow is dominated by inertia.While the Akbar et al. flow
map is able to predict qualitatively the dominating force for the
corresponding flow conditions, it is not a general flow map where
the same transition boundary lines for different microchannels,
whenever the dominating force is the same, can be represented by
a single curve. In an attempt to develop a universal two-phase flow
map, Waechli and von Rohr [27] proposed to use two empirical
parameters, Re0:2G We0:4G and Re0:2L We0:4L ðks=DcÞ5, as the abscissa and
ordinate, where ks is the surface roughness of the microchannel.
Since Re0:2G;LWe0:4G;L ¼ jG;L½ðr2G;LD3

c Þ=ðmG;Ls2Þ�0:2, the Waechlievon
Rohr flow map not only contains the essential information of the
traditional flow maps, but also incorporates the effects of channel
size and fluid properties. Hence it is expected to be applicable for
general two-phase flow in microchannels of different dimensions.
Unfortunately, when the two-phase flow transition data of micro-
channels in the literature are compiled using the proposed
coordinates, they fail to follow theWaechlievonRohrflowmap [37].
Similar finding was confirmed by the results from this work (not
shown here for brevity). As a consequence, the versatility of the
Waechlievon Rohr flow map becomes questionable.
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Fig. 8. Comparison of two-phase flow maps for 324 mm microchannel.
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Nevertheless, these early studies suggest improved flow maps
may be developed if both the force competition and the channel
size effect are considered properly. Following this line of reasoning,
a dimensionless parameter, WeG(Dc/lL)2, was proposed in this work
which can be used together withWeL as the coordinates of the two-
phase flow map. The rationale here is to retain the mechanistic
correctness of the Akbar et al. model and to enhance the channel
size effect in the model. The new two-phase flow map using the
current experimental data is shown in Fig. 10. As compared to the
dispersive profiles illustrated in Figs. 5 and 9, the boundary lines of
the slug-ring and ring-annular transitions almost collapse onto
single curves for data from all three microchannels, indicating the
channel size effect has been better captured with the new coordi-
nate. However, it is also noticeable that the bubbly-slug transition
lines for the 180 mm and 324 mm microchannels cannot be well
correlated. This may be partially because, at extremely small
WeG(Dc/lL)2 values, the logarithmic scale used for the coordinates
visually exaggerates the distance between the transition lines.
Other factors may include the relatively larger uncertainty in
measuring low gas flow rate under bubbly flow conditions, which
propagates to the estimate of WeG(Dc/l)2 at its lower limit. The
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generality of the new flowmap shown in Fig. 10 needs to be further
validated against more two-phase flow data in microchannels of
different size and geometry.

3.3. Two-phase frictional pressure drop

Two-phase pressure drop was measured and the frictional
pressure gradient was deduced according to Eqs. (1)e(5). In the
following section, the experimental results will be compared to
theoretical predictions from several established two-phase pres-
sure drop models to assess their applicability for microchannel
flows.

3.3.1. Homogeneous flow model
The homogenous flow model assumes that the gas and liquid

phases are sowell mixed that the two-phasemixture can be treated
as a single-phase fluid. The two-phase frictional pressure drop can
thus be calculated using the single-phase pressure drop correla-
tions, provided that the fluid properties are evaluated as the aver-
ages based on the liquid and gas mass fractions. In this model, the
two-phase frictional pressure gradient is estimated as

�
DP
L

�
f
¼ 2fTPG2

rTPDc
(12)

where rTP is the average density of the two-phase mixture

rTP ¼
�
x
rG

þ 1� x
rL

��1

(13)

and fTP is the two-phase friction factor, which can be calculated by

fTP ¼ 16=ReTP for ReTP < 2000 (14)

or

fTP ¼ 0:079Re�0:25
TP for ReTP>2000 (15)

where the two-phase Reynolds number is defined as ReTP¼GDc/
mTP. The effective mean viscosity, mTP, can be estimated by one of the
seven models listed in Table 5 [40e46].

Fig. 11 shows the comparison of the measured two-phase
pressure gradient with the theoretical predictions from various
homogeneous flow models. Overall, large deviations are observed.
This is not surprising since the homogeneous flow model is based
on the assumption that there is no velocity slip between the liquid
and gas phases, a condition unrealistic in two-phase flow in
microchannels. It is interesting to note the Dukler et al. model
predicts the two-phase pressure drop in the 100 mm microchannel,
but it is not successful for larger channels (Fig. 11(d)). This finding is
Table 5
Effective mean viscosity models.

Reference Viscosity model

Beattie and Whalley [40] mTP ¼ mGam þ mLð1� amÞð1þ 2:5amÞ,
where am ¼ ½1þ ð1� x=xÞðrG=rLÞ��1

Dukler et al. [41]
mTP ¼ rTP

�
xmG
rG

þ ð1� xÞmL
rL

��1

Fourar and Bories [42]
mTP ¼ rTP

� ffiffiffiffiffiffiffiffiffi
x
mG
rG

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� xÞmL

rL

r �2

Garcia et al. [43] mTP ¼ mLrG
xrL þ ð1� xÞrG

McAdams et al. [44]
mTP ¼

�
x
mG

þ 1� x
mL

��1

Cicchiti et al. [45] mTP ¼ xmG þ ð1� xÞmL
Lin et al. [46] mTP ¼ mGmL

mG þ x1:4ðmL � mGÞ
consistent with that in [24], however, no physical reason can be
offered at this point. In general, it can be deduced that the homo-
geneous flow model should not be adopted as a predictive tool for
estimating the two-phase frictional pressure drop in microchannel
flows.

3.3.2. Separated flow model
In the separated flow model, the liquid and gas phases are

assumed to flow separately with each phase traveling with
a different velocity. The frictional pressure gradient can be calcu-
lated using the two-phase frictional multiplier, f2

L , and the Marti-
nelli parameter, X, following [47]�
DP
L

�
f
¼

�
DP
L

�
L
f2
L (16)

and

f2
L ¼ 1þ C

X
þ 1
X2 (17)

X2 ¼
�
Dp
L

�
L
=

�
Dp
L

�
G

(18)

where (DP/L)L and (DP/L)G are the pressure drop gradients if the
liquid or gas phase flows alone in the channel, and C is an empirical
parameter. The original values of C were obtained from experi-
mental data in conventional-sized channels,which vary from5 to20
depending on the gas and liquid flow conditions [48]. In this work,
both the liquid and gas flows remain laminar, which yields C¼ 5.

To extend the applicability of LockharteMartinelli model to
microscale two-phase flows, several correlations were proposed to
include the effect of the microchannel dimensions on C. Based on
their data of airewater flow in minichannels with hydraulic
diameters of Dc¼ 1e4 mm, Mishima and Hibiki [9] developed the
following correlation

C ¼
�
1� e�0:319Dc

	
(19)

where Dc is in mm. Later, Lee and Lee [49] measured two-phase
pressure drop of airewater flow in rectangular channels of
0.78e6.67 mm hydraulic diameters, and they expressed C as
a function of several flow variables

C ¼ AlqjrResLO (20)

where ReLO is the liquid Reynolds number that would result if the
liquid only flows through the channel at the same total mass flux,
ReLO ¼ GDc=mL, and the other parameters, l and j, are given as l ¼
m2L=ðrLsDcÞ and j ¼ mLðJG þ JLÞ=s, respectively. The specific values
of A, q, r and s depend on whether the liquid and gas flows are
laminar or turbulent, and can be found in [49].

Fig. 12 shows the comparison of the measured pressure gradient
with the predictions from the LockharteMartinelli correlation
using C values from the Mishima-Hibiki model, Chisholm-Laird
model and Lee-Lee model [9,48,49]. None of the models can predict
the present experimental data accurately, due to their limited
applicability beyond the range of channel dimensions and flow
conditions based on which they were developed. In this work,
regression analysis was used to search for the appropriate C
parameter to better correlate the experimental data. The best C
values were found to be 0.25, 2.0 and 5 for the 100, 180 and 324 mm
microchannels, respectively. A linear equation is then proposed to
express C as a function of the non-dimensional channel size, Dc=lL

C ¼ 57:444ðDc=lLÞ � 1:84 (20a)



Fig. 11. Comparison of two-phase pressure gradient with predictions from homogenous flow models. (a) McAdams et al. [44], (b) Chicchitti et al. [45], (c) Lin et al. [46], (d) Dukler
et al. [41], (e) Beattie and Whalley [40], (f) Fourar and Bories [42], and (g) Garcia et al. [43].

A. Sur, D. Liu / International Journal of Thermal Sciences 53 (2012) 18e3430



Fig. 12. Comparison of two-phase pressure gradient with predictions from separated
flow models. (a) Chisholm and Laird [48], (b) Mishima and Hibiki [9] and (c) Lee and
Lee [49].

Fig. 13. Comparison of two-phase pressure gradient with predictions from the Lock-
harteMartinelli correlation using the modified C parameter as in Eq. (20a).
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where lL¼ 2.715�10�3 m, calculated using the fluid properties for
water and air, rL¼ 998.2 kg/m3, rG¼ 1.205 kg/m3 and s¼ 0.072 N/
m. The comparison of the predicted pressure gradient using Eq.
(20a) with the experimental data is shown in Fig. 13 with an overall
agreement of �30%. It is noteworthy that, similar to the new flow
map model, the wider applicability of Eq. (20a) should be tested
with two-phase pressure drop measurements in microchannels
from other research groups.

3.3.3. Flow pattern-based model
Flow pattern-based phenomenological model considers the

interfacial structure and the phasic velocity distribution for each
individual two-phase flow pattern. It is capable of providing more
accurate prediction of the frictional pressure drop than the
homogeneous and separated flowmodels [50]. Flow pattern-based
models were developed primarily for the slug flow and annular
flow, owing to their dominance on the two-phase flowmap as well
as their direct engineering relevance [51e53].

(1) Slug flow model.

In the slug flowmodel, the frictional pressure drop is computed
over a unit cell consisting of a liquid slug, a gas bubble and the
surrounding liquid film, as shown in Fig. 14 [29]. The length of the
bubble is Lb, the diameter is Db and the velocity is uG. The liquid slug
has a length of Ls and moves at a velocity uL (uL¼ jLþ jG). The total
pressure drop, DP, is
DP ¼ DPs þ DPf þ DPb (21)
Fig. 14. Slug flow model.



Fig. 15. Comparison of two-phase pressure gradient with predictions from Warnier
et al. [55] model for the slug flow pattern.

Fig. 16. Annular flow model.

Fig. 17. Comparison of two-phase pressure gradient with predictions from Quiben and
Thome model [50] for the annular flow pattern.
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where the contributions from the liquid slug, the liquid film, and
the front/rear caps of the bubble are DPs, DPf and DPb, respectively.
For horizontal flow inmicrochannels,DPf can be neglected since the
liquid film is nearly stationary [54]. The liquid flow in the slug is
assumed to be fully-developed HagenePoiseuille flow, and DPs is
given by Warnier et al. [55]

DPs ¼ 32mLu2L
D2
c

ðLs þ dÞ (22)

where d is a correction term for the liquid slug length to account for
the amount of liquid entrained around the bubble caps, e.g., d¼ 1/3
Db for a bubble with hemispherical caps flowing in a circular
microchannel. The pressure drop over the bubble caps, DPb, is
caused by the distortion of the liquid velocity field due to the
presence of the gas bubble [55,56]

DPb ¼ 7:16
sð3CabÞ2=3

Dc

�
1þ 3:34Ca2=3b

	 (23)

where the bubble capillary number is Cab¼ mLuG/s.
Combining Eqs. (21)e(23), the total frictional pressure gradient

is [55]�
DP
L

�
f
¼

�
DPSþDPb
LsþLb

�

¼ 32mLj2L
D2
c

"
1þ7:16�32=3

32
Dcfb
jL

1�
Ca1=3b þ3:34Cab

	
#

(24)

where fb is the bubble frequency (fb ¼ ðjL=ðLsþdÞÞðAc=AbÞ), and Ab is
the bubble cross sectional area (¼Db

2/4). For given jL and jG, the only
unknowns are Db and uG, which can be obtained from
analyzing the visualization images in Fig. 3. Other slug flowmodels
[54,57] differ from Eq. (24) mainly in the way how DPb and fb are
evaluated.

Fig. 15 shows the comparison of the measured two-phase
pressure gradient with predictions from the Warnier et al. model
[55]. Only a few selected pressure measurements, not all the
experimental data for slug flow, are included for each
microchannel, due to the complexity associated with image anal-
ysis of the visualization results in order to obtain Db and uG for the
model. The agreement is within �30%.

(2) Annular flow model.

Fig. 16 depicts the annular flow model where the gas core is
surrounded by a liquid film of a uniform thickness, D. The friction
pressure gradient can be derived from the streamwise forcee
momentum balance for the gas core [58]�
DP
L

�
f
¼ 4

si
ðDc � 2DÞ (25)

The shear stress at the liquidegas interface, si, is given by

si ¼
fi
2
rGðuG � uLÞ2 (26)

where fi is the interfacial friction factor, and the actual gas and
liquid velocities, uG and uL, are

uG ¼ jG

�
Dc

Dc � 2D

�2

and uL ¼ jL
D2
c

D2
c � ðDc � 2DÞ2

(27)

Thome and Quiben [50] developed an empirical correlation for fi
by considering the effects of the liquid film thickness, interfacial
wave, viscosity ratio of the gas and liquid phases and the liquid
inertia

fi ¼ 0:67
�
D
Dc

�1:2
"
ðrL � rLÞgD2

s

#�1:4�
mG
mL

�0:08

We�0:034
L (28)

Once the film thickness (D) is measured from the visualization
images in Fig. 3, the two-phase friction pressure gradient can be
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predicted for the annular flow using Eqs. (25)e(28). The compar-
ison with the experimental data is illustrated in Fig. 17, which
shows the model can predict the measurements satisfactorily with
an accuracy of �30%.

4. Conclusions

Adiabatic airewater two-phase flow was studied experimen-
tally in circular microchannels with inner diameters of 100,180 and
324 mm. The effects of channel size and superficial phasic velocities
on the two-phase flow pattern and pressure drop were investi-
gated. Four basic flow patterns were identified, namely, the bubbly
flow, slug flow, ring flow and annular flow. As the channel
dimension decreases, it was found that the flow regime transition
boundary lines shift mainly as the result of the force competition
between the inertia and surface tension. A new flowmap using the
modified Weber numbers as the coordinates was developed in an
effort to unify the transition boundary lines between major flow
regimes in microchannels of different sizes. Finally, to critically
assess the applicability of the available two-phase pressure drop
models in microchannels, the two-phase friction pressure gradient
was measured and the data were compared with predictions from
the separated flow model, the homogeneous flow model and the
flow pattern-based phenomenological models. The results show
that the two-phase frictional pressure drop can be predicted more
accurately by the flow pattern-based models than by the homog-
enous and separated flow models. However, before a suitable
phenomenological model can be selected, the specific two-phase
flow pattern must be known as a priori for any given combination
of liquid and gas flow rates. Therefore the information of two-phase
flow pattern and flow regime transition gained in this work will be
useful for developing new advanced phenomenological two-phase
pressure drop models.
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